Two-photon excitation (2PE) microscopy is the imaging modality of choice, when one desires to work with thick biological samples, possibly in-vivo. However, the resolution in two-photon microscopy is poor, below confocal microscopy, and the lack of an optical pinhole becomes apparent in complex samples as reduced quality of optical sectioning. Here, we propose a straightforward implementation of 2PE image scanning microscopy (2PE-ISM) that, by leveraging our recently introduced ISM platform -based on a new single-photon avalanche diode array detector -coupled with a novel blind image reconstruction method, is shown to improve the optical resolution, as well as the overall image quality in various test samples. Most importantly, our 2PE-ISM implementation requires no calibration or other input from the user -it works like any old and familiar two-photon system, but simply produces higher resolution images (in real-time). Making the complexity disappear, in our view, is the biggest novelty here, and the key for making 2PE-ISM mainstream.
Introduction
. Description of the 2PE-ISM system. In a) a schematic of the 2PE-ISM system is shown. The ISM part was built as an extension to a regular confocal microscope with several laser lines and detectors. Only three additional lenses (L3-L5) and a dichroic mirror (DM*2) are needed to convert a confocal/2PE system into a ISM super-resolution microscope. The dichroic mirrors DM*1-2 can be reconfigured to enable ISM imaging with the visible excitation lines. In b) an illustration of the pixel matrix of the SPAD array is shown. The pixels are numbered from 0-24, starting from the upper left corner. At the end of a scan, an image can be associated with each pixel position of the array. Each image is shifted with respect to the central detector element (12) image. In c) the adaptive pixel reassignment workflow is illustrated. First our iterative image registration method is applied to align all the individual images with the image from the central detector element (12) . After registration, the images are added together to form the regular pixel reassignment result. The actual (Real) shifts are quite different from those suggested by theory (Theoretical), as shown by the two scatter plots. In order to take full advantage of the additional bandwidth of the ISM, as shown in d), a blind Wiener filter is applied on the reassignment result; the PSF is estimated from the ISM reassignment result image with FRC.
reconstruction method, we also propose a simple algorithm that allows constructing the ISM result image point-83 by-point during data-acquisition, similarly to regular confocal or 2PE microscopes (Note S 1). This is possible 84 because our SPAD array detector has no frame rate, and thus every single photon can in real time be assigned 85 to its correct spatial location.
86
Benchmark measurements using test samples. In order to get an idea of the performance of our 2PE-
87
ISM system, we took some benchmark measurements under ideal imaging conditions, with two very common 88 microscope test samples: 1) a sample of 100 nm yellow-green carboxylate modified fluorescent nanospheres, and 89 2) a sample of fixed human breast tumor cells, cell line MDA-MB-231, stained with an alpha-tubulin antibody 90 and with a Star488 secondary antibody.
91
In (Fig. 2 a) ) four images of the nanoparticle sample are compared: a regular two-photon image (2PE), a 92 two-photon image with a pinhole (2PE ph.), ISM result image after our adaptive pixel reassignment (APR-93 ISM) and the Wiener filtered ISM result image (APR-ISM b+ ). The 2PE image was obtained by summing the 94 signal from all SPAD array elements, without applying any shifts, whereas the 2PE ph. image corresponds 95 to the image in the central detector element (pixel no 12 in Fig. 1 b) ); the pixel itself works as a pinhole of 96 approximately 0.5 Airy units in size. For the ISM image reconstruction, the 25 sub-images were first registered 97 and then summed. The ISM shift vectors obtained with image registration are shown in a (x,y) scatter plot in 98 ( Fig. 2 a) ). Interestingly, while the shifts clearly form a grid, as could be expected, already with a simple sample 99 like beads, there are clearly some aberrations present and the grid is also somewhat tilted. The pixel no. 24 in 100 the SPAD array used for the 2PE experiments is more noisy than the others, which appears to compromise the 101 image registration with the sparse beads sample. As shown in the FRC measures in (Fig. 2 a) ), the ISM pixel 102 reassignment (APR-ISM) improved the resolution by a factor of ∼ 2, which was further improved to factor of 
109
With the fixed cell sample, as demonstrated in (Fig. 2 b) , the APR-ISM resolution is a factor of ∼ 1.6 superior 110 to the regular 2PE image, and blind Wiener filtering is able to recover ∼ 2.5 fold resolution gain. It is worth 111 noticing however that the resolution scale here is different than with the nanoparticles (2PE: 372 nm, APR-ISM: 112 223 nm and APR-ISM b+ : 155 nm); the 2PE resolution with the cell sample remains below, but is close to the 113 Abbe's diffraction limit (d min = λ 2NA = 339 nm, for λ = 950 nm, NA = 1.4; quadratic dependency with the 114 intensity is not considered), and the APR-ISM resolution measures are in good agreement with previous reports 115 on non-linear ISM (19, 20) . We then tried to push the resolution in APR-ISM further by iterative Richardson-116 Lucy (RL) deconvolution ( Fig. S 1) . Although the RL is able to considerably boost the contrast, no major 117 gains are made in terms of quantitative resolution. In (Fig. S 2) our real-time pixel reassignment algorithm is shown to produce good results with the HeLa cell image, with similar level of details that were observed in 119 ( Fig.2 b) will become visible as changes in the image shifts. In fact, it is actually possible to identify optical effects, 156 such as coma (45 µm) and astigmatism (140 µm) in the ISM shift scatter plots in (Fig. 3 c) ), when comparing 157 the results to the ideal rectangular grid. Typically such effects are corrected during imaging with adaptive 158 optics (20), but our adaptive blind ISM image reconstruction appears to enable correcting some aberrations 159 at the post-processing stage as well. As shown in (Fig. S 3) , the distribution of the lengths of the ISM shift 160 vectors is also clearly less linear than with the Hela cell/Beads samples, which is also indicative of presence of 161 aberrations; however, the phenomenon is much more evident in the 2D scatter plot of the ISM shifts.
162
Conclusion 163 In this paper, we introduced a 2PE-ISM system based on a SPAD array detector that, compared to current (19). 171 We demonstrated how our adaptive blind ISM image reconstruction is able to generate nearly constant 172 quality, high resolution images, with different samples, and at various penetration depths. In addition to the 173 accurate image alignment, the Wiener filtering (deconvolution) appears to be a crucial step, as otherwise the 174 highest spatial frequencies remain too weak to be observed. In this work a very simple Wiener filtering approach 175 was used -implementing more robust (multi-image) reconstruction methods that leverage the 25 independent 176 observations, may in the future lead to further gains in image contrast and effective resolution.
177
In addition to the adaptive blind ISM image reconstruction method, a simple algorithm was proposed that 178 allows generating a super-resolution ISM result image pixel-by-pixel for live-visualisation. This is an important 179 step towards making ISM simple. The next important steps will be fully supporting 3D (stacks) and other 180 scanning modes (XZ, YZ), as both of these features are commonly used in regular confocal and 2PE microscopes.
181
Because all the raw data is saved in our 2PE-ISM implementation, it is possible to treat stacks as 25 individual 182 3D images, rather than a series of 2D images, as is the case in the all-optical techniques. This seems to be 183 rather important, as based on a simple preliminary experiment with the Beads sample, the axial information 184 is important and the axial shifts appear to be rather large (Fig. S 6) . The results are especially interesting as 185 there appears to be a strong resolution gain in the axial direction as well. In order to reach any conclusions 186 however, further investigation is required.
187
The final thoughts as well as several examples in this paper, help to underline the importance of computation 188 in modern microscopy. In wide-field microscopy, similar approaches have been in regular use already for a while 189 -e.g. axial sectioning based on deconvolution, SIM, localization based super resolution -but confocal and 2PE The RL algorithm produces sharper looking results with strongly improved contrast, but quantitatively, as shown by FRC measurements in c), the resolution in the two images is the same. It may thus be beneficial to use RL or other iterative algorithm to produce the crispiest looking results, but as shown in b) it takes about 50 iterations for the RL algorithm to reach the same resolution scale the the Wiener filter is able to produce with a single division. Thus, when speed is an issue, Wiener filter provides a much superior solution (of course RL can be significantly accelerated with GPU if necessary). Scale bar 4 µm. in practice that the small pinhole can in theory provide. In the scatter plot ISM shifts discretized to multiples of the pixel size (Note S 1) are compared to the actual registration results. The discretized shifts are used by the real-time pixel reassignment algorithm, because no re-sampling is performed, but simple array indexing is used instead. While the rounding does produce small errors, the observed image quality still remains high. Scale bar 4 µm. Comparing theoretical and data-based ISM shifts. In a) scatter plots of the registration results (ISM shifts) for all the images of the main article are shown. In b) the lengths of the data-based shifts (from a)) compared with theoretical, optical geometry based values (Fig. S 4) . The theoretical shifts are shown as distances on the detector plane, whereas the real distances are on the object plane -therefore the slope of the linear model fit roughly reflects the total magnification of the microscope. The theoretical and real values increase rather linearly with the thin test samples, but the differences increase in the brain sample images. As shown in c), in all cases, the theoretical shifts (green triangles) on a 2D plane never even closely match the real ones (blue circles), as the various optical effects are not accounted for. . The SPAD array is a 5x5 square detector grid with 75 µm detector pitch. For every pixel (detector element), absolute distance from the center (pixel 12) can be calculated with the multipliers shown in a). The length of the theoretical ISM shifts on the detector plane (theor abs ), can be obtained by further multiplying the pixel offsets with the reassignment factor (0.5 here). Plotting the theoretical shifts as a function of length of the real ISM shifts on the object plane (real abs = x 2 + y 2 , for all (x,y) pairs in b)), allows us to estimate the effective magnification in the microscope from the slope of the linear model fit in c). Theoretical and calibrated ISM shifts were generated by first creating a 5x5 meshgrid d), and then, in order to have the shifts in physical units (µm) on the object plane, multiplying the grid coordinates by pitch·reassignment factor magnification in e) and
pitch·reassignment factor slope in f), where slope denotes the slope of the linear model fit in c). ISM reconstructions are shown for the HeLa cell image with adaptive, theoretical and calibrated shifts; the theoretical and calibrated shifts were obtained, as illustrated in (Fig. S 4) . The adaptive ISM reconstruction produces clearly superior results. Scale bar 4 µm.
Fig. S 6. ISM reconstruction in axial scan (XZ) mode. In a), results of ISM image reconstruction of a single axial XZ slice with the nanoparticle sample are shown. From a) it is evident that APR-ISM clearly improves the resolution of the regular 2PE both in the axial and the lateral dimension. A strong signal gain (> 6 fold) is made with respect to the 2PE ph, which enables the strongly increased effective resolution. Line profile plots in the axial direction over the large cluster highlighted in a), show a clear axial resolution gain. In APR-ISM b+ several structures are clearly visible both in axial and lateral directions. In the Wiener filtering, a ovalshaped PSF (σ x = 0.2 µm, σ z = 0.53 µm) was used. FRC measurements in c) also confirm the observed resolution gain. The image shifts shown in d) are rather surprising: very strong shifts are present in z as well. Scale bar 2 µm.
